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Abstract. It has been several years since the first detection of Gunn-Peterson 
troughs in the z > 6 Lya forest and since the first measurement of the Thom- 
son scattering optical depth through reionization from the cosmic microwave 
background (CMB). Present day CMB measurements provide a significant con- 
straint on the mean redshift of reionization, and the Lya forest provides a lower 
bound on the redshift at which reionization ended. However, no observation 
has provided definitive information on the duration and morphology of this pro- 
cess. This article is intended as a short review on the most promising observa- 
tional methods that aim to detect this cosmic phase transition, focusing on CMB 
anisotropics, gamma ray burst afterglows, Lya emitting galaxies, and redshifted 
21cm emission. 



1. Introduction 

Reionization is the epoch when essentially all of the intergalactic hydrogen was 
ionized (which equates to the vast majority of the hydrogen in the Universe at 
this time; > 90%). It marks the period when the first galaxies formed, and 
also when the intergalactic gas was significantly heated to tens of thousands of 
degrees Kelvin from much smaller temperatures, thereby suppressing the for- 
mation of the smallest dwarf galaxies. At present, we have two constraints on 
when reionization occurred, which (roughly speaking) show that it happened 
sometime between the redshifts of 6 and 15. 

The first of these constraints comes from the Gunn-Peterson troughs in the 
Lja forest (troughs of complete absorption at the redshifted Lja resonance of 
intergalactic hydrogen). Th ese troug!;hs were identified in the spectra of most 
known z ^ 6 quasars (e.g., iFan et all l2006l ) . The discovery of these troughs 
sparked a lot of interest, and many subsequent papers argued that they were 
evidence that hydrogen reionization ended when the Universe turned a billion 
years old. However, the optical depth to redshift through the Lja resonance is 
> 10^ in a neutral intergalactic medium (IGM) at z > 6, making it difficult to 
establish whether these troughs truly indicated neutral hydrogen fractions near 
unity. Very fast tem poral evolution in the mean opacity of the Lja forest is also 
observed at z > 6 fiFan et al.ll2006l ). This quick evolution is more compelhng 
evidence that the ionization state of the intergalactic hydrogen was changing, 
but such evolution may still have been possible if reionization were not ending 
fiBecker et al.ll2006l ). 



The second of these constraints comes from observations of the cosmic mi- 
crowave background (CMB) with the Wilkinson Microwave Anisotropy Probe 
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Satellite (WMAP). In particular, the large-scale polarization anisotropics were 
generated when CMB photons scattered off of free electrons generated by reion- 
ization. The WMAP best-fit model to this polarization signal usin^ the fifth 



year data favors a mean redshift of reionization of 10.4 ±1.4 (iKomatsu et al. 



20091 ). 



This article is intended as a review of upcoming measurements that have the 
potential to constrain the reionization era. There are three known techniques 
that can definitively test whether reionization was occurring by directly probing 
intergalactic neutral fractions of the order of unity: 

1. Thomson scattering off of the free electrons produced by reionization: Sev- 
eral percent of the photons originating from before reionization are ex- 
pected to have been Thomson scattered during this process. This scatter- 
ing produced anisotropics in the CMB. 

2. Scattering in the wing of the Lya line of hydrogen: Even though the optical 
depth at line center saturates for neutral fractions of ^ 10~^, a photon that 
started 1000 km s~^ redward of the line center (in the naturally broadened 
wing of the line) would have experienced optical depths near unity as it 
traversed a neutral IGM. 

3. Atomic hydrogen^s 21cm hyperfine transition: Unlike with the Lja line, 
only a small fraction of photons that redshifted across this transition would 
have been absorbed by a neutral IGM. Thus, this resonance is an unsatu- 
rated observable of reionization. 

This review discusses specific applications of the above three techniques 
and is organized as follows. Section [23 describes the currently preferred picture 
(i.e., our best guess) for the reionization process. Section [HI through Section [HI 
describe respectively how the CMB, gamma ray burst afterglows, Lja emitter 
surveys, and redshifted 21cm radiation can be used as probes of the Epoch of 
Reionization. 



2. Models for Reionization 

The currently favored model for the reionization history of the intergalactic 
hydrogen is that stars in the first galaxies produced the ionizing photons that 
ionized the vast majority of this hydrogen. It appears that quasars, the most 
plausible alternative, were not present in sufficient abunda nce at high redshift 
to have ionized the IGM (e.g. jFaucher-Giguere et aDl2008l ). 



The first stars are expected to have formed in ^ 10 Mq dark matter halos 
at z ^ 20 — 30. These halos were just massive enough to excite molecular 
hydrogen transitions (but not atomic transitions) such that the gas could cool 
and condense. However, studies have found that such diminutive halos cannot 
host sustained star formation: a single super novae explosion h as sufficient energy 
to unbind all of such a halo's gas (e.g., Barkana fc Loebll200ll ). and modest levels 



of ultraviolet radiation may have been able to dissociate th e molecular hydroge n 
and prevent the halo gas from cooling and forming stars (|Haiman et al. 19971 ). 
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Figure 1. Four simulations of reionization from 'McQ uinn et al.l (|2QQ7f ). 
White regions are ionized and black are neutral. Each row is compared at the 
same ionized fraction, and, from left to right, more massive galaxies ionized 
the simulated intergalactic medium. 



Therefore, our best guess is that the Universe had to wait until > 10^ Mq 
halos formed for the intergalactic gas to have been reionized. These were halos 
massive enough for the gas to cool by transitions from atomic hydrogen and, 
thereby, host sustained star formation. In the concordance cosmology, enough 
of these halos had formed to ionize the intergalactic hydrogen around z ^ 10. 
Astrophysical uncertainties prevent a precise prediction for when these halos 
could have reionized the Universe. However, the exponential growth of collapsed 
structure in the high-redshift universe makes it difficult for ^10^ Mq halos to 
ionize the Univers e significantly earlier th an z = 10 simply because these halos 
did not exist. See 'Bark ana fc Loebl ( 200ll ) for a recent review. 

The radiation from these early galaxies ionized pockets of the intergalactic 
hydrogen. For an ultraviolet spectrum characteristic of any standard stellar 
initial mass function, the Hll-region front width spanned 10s of comoving kpc 
at relevant redshifts, which is much smaller than the typical sizes of these regions. 
Sharp ionization fronts resulted in a "swiss cheese" topology for the reionization 
process - an IGM with fully ionized regions and fully neutral ones, with only a 
small fraction of the gas at intermediate ionization states. 

The first models for reionization by stars envisioned that early dwarf galax- 
ies sourced their own small HII regions and that only at the end of reionization 
did these individual HII regions coalesce. However, subsequent studies have 
concluded that, even early on during the reionization process, typical HII re- 
fflons were sourced by clusters of dwarf galaxies rather than by a single galaxy 
(|Furlanetto et al.ll2004l ). In fact, detailed numerical studies have found that the 
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sizes of the HII regions during reionization wo uld likely have reached tens of co- 
movi ng Mpc (cMpc) ow ing!; to this clustering ( Iliev et aDl2006l : iMcQuinn et al. 
20071 : iTrac fc Cenll2007l). Fi gu re [J s hows slices through four simulations of reion- 
ization from iMcQuinn et al.1 (l2007l ) in a 100 cMpc cube (columns). The snap- 
shots in each row are compared at the same ionized fraction. From left to right, 
less to more massive halos are assumed to have produced the photons that ion- 
ized the intergalactic gas. Because more massive halos are more clustered, the 
typical HII bubble size also increases from left to right in the Figure. Note that 
^ 10 cMpc bubbles are present at the three epochs shown in all four simulations 
in Figure [H 

How can we observe reionization and test this simple picture? The rest of 
this article focuses on this question. 



3. CMB Anisotropies 

The CMB photons decoupled from the primordial plasma 300, 000 yr after the 
Big Bang and traveled more than ten thousand cMpc in the subsequent 14 Gyr 
prior to reaching our telescopes. Along the way, some of these photons 10%; 
Komatsu et al.l [20091 ) scattered off of the free electrons produced during reion- 



ization. Several percent or more of these photons were likely scattered at high 
redshifts during the Reionization Epoch. There are two important sources of 
anisotropies that this scattering generated: (1) Polarization anisotropies corre- 
lated over 10s to 100s of degrees from the scatterin g of an incid ent quadrupole 
temperature anisotropy off of these free electrons ( Zaldarriagal [l997) , and (2) 



kinetic Sunyaev-Zeldovich anisotropies (kSZ), with correlations on ^ 1 — 10 ar- 
cminute scales, resulting from the Doppler shifts induced by sca ttering off of 



ionized regions with bulk peculiar velocities (ISunyaev fc Zeldovic h 1980). 

The former source of anisotropy has been used to measure the mean Thom- 
son scattering optical depth through reionization with WMAP, which roughly 



translates to a measurement of the mean redshift of reionization (Komatsu et al 



20091 ) . Observations with the Planck Satellite (which was launched in the sum- 



mer of 2009) are projected to decreas e the uncertainty in t he measured mean 
optical depth value by a factor of 2.5 (Zaldarriaga et al.ll2008l ). Planck may even 
be ab le to constrain the duration of reionization in addition to the mean red- 
shift ( Holder et al.ll200"^ ). However, CMB measurements can only constrain the 



duration at the level of confirming or ruling out relatively long duration reion- 
ization episodes {Az > 5). After Planck, observations of the large-scale CMB 
£^-mode polarization are projected to be close to their cosmic variance-limit and 
the constraints on the mean optical depth will be almost saturated (with the 
error on the optical depth from an ideal exp eriment improving by no more than 
another factor of 2; Zaldarriag a et all 12008 ?). 

The kSZ effect could provide complementary clues into reionization than the 
large-scale polarization signal. This anisotropy is second order since it owes to 
the combination of inhomogeneous free electron density and velocity fields. The 
related first order effect due to inhomogeneous velocity and homogeneous elec- 
tron density is buried under the primary CMB anisotropies. Once the thermal 
Sunyaev-Zeldovich anisotropies (owing to scattering in low-redshift hot cluster 
gas) are removed from a CMB map (which is feasible because of their unique 
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Figure 2. Com ponents of the high-/ CMB angular power spectrum from 
IZahn et all (|2QQ5f ). At / < 3000, the lensed primordial anisotropics dominate 
the CMB. At higher /, the tSZ is most important, but its unique frequency 
dependence should allow it to be separated from the other anisotropics. The 
next most important anisotropy is the kSZ, which has a contribution from 
scattering off of density fluctuations (the curve labeled "OV" ) and off of large- 
scale ionization structure from patchy reionization (labeled "patchy signal"). 
The total kSZ signal is labeled "total Doppler" and amounts to a ~ 1/iK 
signal on several arcminute scales. 



spectral dependence), the kSZ is the dominant source of CMB anisotropics at 
/ > 4000. These / roughly correspond to several arcminute scales and smaller, 
just beyond the Silk Damping tail of the primordial anisotropics. 

The kSZ is comprised of two components: a component due to the density 
modulation of the free electrons and a componen t from the patchy distribution 
of HII regions during reionization (e.g., lHull200 d). Estimates for the amplitude 
and shape of the patchy reionization component of the kSZ are model dependent. 
Recent numerical simulations of reionization predict that the kSZ anisotropies 
span a lar^e ran^e of scales with 5T 1 fiK at / = 1000—10, 000 (McQ uinn et al.l 
l2005l : IZahn et alJl2005l : llliev et al.ll2007n . The patchy signal will have a different 
spectral dependence than the kSZ anisotropy owing to density, for which the 
spectral form is better understood and which is less sensitive to the reionization 
process. Furthermore, the amplitude of the patchy kSZ anisotropy is most sen- 
sitive to the duration of reionization, and its scale dependence is s ensitive to the 



sizes of the HII regions during reioniza tion (McQuinn et al.ll2005l ) 



See FigureElfor a breakdown from iZahn et all (|2005l ) of the different anisotropies 
that contribute to the CMB angular power spectrum at high-/, calculated for a 
specific reionization model. Two telescopes that are presently in operation, the 
Atacama Cosmology Telescope (ACT) and South Pole Telescope (SPT), may 
provide (at best low-significance) detections of the kSZ in the near future. Re- 
cently these telescopes reported their first year results. Interestingly, the tSZ 
signal appears to be much smaller than initially projected (and significantly 
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smaller than in Figure ED, such that SPT finds th at the kSZ may co mprise 
as much as ^ 50% of the anisotropics at / - 4000 f' Lueker et alll2009l ). This 
suggests that the kSZ will be easier to measure than previously thought. 

A drawback with using the anisotropics in the CMB to study reionization 
is that the CMB provides only a redshift-integrated measure of the reioniza- 
tion process, making it difficult to pull out information about the structure of 
reionization at different redshifts. However, a potential advantage is that all 
other observational probes of reionization become much more challenging with 
increasing reionization redshift. 



4. Gamma Ray Bursts 

Gamma ray bursts (GRBs) are the most luminous objects at high redshift. 
Because higher redshift GRB afterglows tend to be observed earlier in the frame 
of the GRB (when they are brighter) owing to cosmological time dialation, this 
bias results in the afterglow flux of GRBs being largely independent of redshift. 
As a result, GRB afte rglows are detectable with present day tele scopes from 
essentially all redshifts (jLamb fc Reichar"tll200ll : ICiardi fc Loebll2000 ) . In the last 



several years, the Swift satellite, along with ground-based follow-up programs, 
have identified three GRBs that originated from z > 6, including the present- 
day record holder for th e highest redshift spe ctroscopically confirmed object, 
GRB090423 from z = 8 fjSalvaterra et al.l l2009l ). Two proposed space missions. 



JANUS and EXIST, aim to discover many tens to hundreds of z > 6 bursts. 

Intergalactic Lja absorption in the afterglow spectrum of a z > 6 GRB 
can be used to study cosmological reionization. A neutral IGM attenuates the 
radiati on redward of the rest-frame hya line in a G RB afterglow by the optical 
depth f|Miralda-Escudelll998l : [McQuinn et al.ll2008l ) 



/2_|_^\3/2 / \ — 1 

Ta{Au,Rt,XH) - 900 kms-^ XH (^^j iH{z)Rt + c^] , (1) 

where is the frequency offset from the Lja resonance, Ri, is the line-of-sight 
proper size of the host galaxy's intergalactic HII region, z is the redshift of the 
GRB, and xh is the neutral fraction outside of the HII region. This broad ab- 
sorption feature owes to the naturally broadened wing of the Lja line. Note that 
Tq,(0, 1 proper Mpc, xh) ^ xh and that Tq,(10, 000 km s~^, 1 proper Mpc, xh) ^ 

O.lXH. 

This absorption feature is distinctive from the absorption due to the GRB 
host galaxy, which all GRB afterglows experience to varying degrees. The at- 
tenuation from a neutral IGM scales as Tq, ^ Az/~^, compared to Tq, ^ Aiy~^ 
for hydrogen fron i within the host galaxy. Therefore, in principle the two can 
be distinguished flMiralda-Escudd il998). The left panels in Figure [3] compare 
the shape of the damping wing absorption during reionization for different host- 
galaxy neutral hydrogen column densities (A^hi) and ionized bubble sizes within 
which the GRB host galaxy sits. 

In order to detect intergalactic neutral gas with a GRB afterglow, it re- 
quires a high signal-to-noise ratio (S/N) spectrum to be able to rule out all 
models where host galaxy absorption was the cause of the absorption feature. 
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Figure 3. Left: Example of the GRB afterglow flux near the GRB-frame 
Lya wavelength. The top panel depicts the afterglow flux for both an ionized 
IGM (dashed curves) and one that is half ionized where the GRB sits in a 10 
cMpc bubble (solid curves). Both models include absorption from the host 
galaxy with column density Nm. The bottom panel illustrates the effect of 
the host bubble comoving size on the afterglow flux, assuming the Universe 
is half ionized and A^hi = 10 ^^ cm~^. Right: The afterglow spec trum of 
the z = 6.3 burst GRB050904 (|Kawai et al.lbOQGl : iTotani et al.ll2QQ? ). as weh 
as two best-fit spectral models: A model that only includes absorption from 
the host galaxy (solid curve), and a model that also includes the absorption 
from a neutral IGM (dashed curve). Both models require A^hi = 10^^"^ cm~^, 
which obscures any IGM contribution. 



McQuinn et all fl2008l ) estimated for host galaxy neutral columns of A^hi ^ 
10^^ cm~^, a spectrum with S/N > 10 per spectral pixel at a resolution of 



R = 3000 is required. Such S/N ratios at these moderate resolutions would 
likely require a ground-based observatory to take a high-redshift GRB's spec- 
trum relatively soon after the prompt 7-ray emission or that there be followup 
with a future infrared space tel escope such as JW ST. At larger A^hi, an even 
higher S/N ratio is needed, and lChen et~al1 fl2007l ) find that ^ 20% of all z > 2 
GRBs have A^m < 10^° cm-^. 

The optical afterglow of the z = 6.3 burst, GRB050904, was so luminous 
that the minimum S/N ratio and resolution requirements to have a chance at 
detecting a neutral IGM were almost met even though the afterglow spectrum 
was taken 3.4 days after the prompt 7-ray emission, after the afterglow had 
dimmed significantly. Unfortunately for this particular burst, A^hi happened to 
be too large 10^^*^ cm~^) to constrain the amount of neutral intergalactic 
gas. The his togram in the right panel in Figure p is the Subaru spectrum for 
GRB050904 fjKawai et al.ll2006l : lTotani et al.ll200i ). The solid curve is the best- 
fit model assuming all of the absorption is from within the host galaxy, which 
provides an excellent fit to the data. The afterglows of the two other z > 6 
bursts that have been identified were too faint by the time they were identified 
as high- 2: objects to achieve a high enough quality spectrum for this science. 

For GRBs occurring at a fixed redshift during reionization, some skewers 
through the IGM from the GRB will "see" much more or much less neutral 
gas than other skewers because of the inhomo^en e ous nature of reioniza tion 
fjMesinger fc Furlanettd I2OO8I : iMcQuinn et al.ll2008l ). iMcQuinn et~all f|2008l ) es- 
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timated that the global neutral fraction could be constrained from a single GRB 
to at best a precision of 6xh ^ 0.2. In addition, the absorption profile can be 
significantly more complic ated than fflven by equation ([n because of the patch y 
structure of reionization flMesinger fc Furlanettd l2008inMcQuinn et all l2008l ) . 
However, there is not enough information in the Lya feature to fi^a compli- 
cated model for the ionization state of the IGM. McQuinn et al.l ( 20081 ) found 
that it is only really feasible (even for an extremely large S/N ratio spectrum) 
to fit for two principle components of the intergalactic absorption, the GRB host 
HII bubble size and the mean neutral fraction outside of the bubble. 



5. Lya Emitters 

A reionization-era Lja emitter that was within a proper Mpc along the line of 
sight of its HII bubble edge would have had most of its photons scattered in the 
wing of the Lya line by the neutral gas at the bubble edge. However, an emitter 
located further from the bubble edge than a proper Mpc would have suffered 
much less attenuation (eqn. [1]). Typical bubble sizes during reionization are 



conve niently predicted to of the order of a proper Mpc (Fig. 1; iFurlanetto et al. 
l2004l : iMcQuinn et all [20061 ). Therefore, Lya emission from galaxies has the 
potential to be a useful probe of reionization. 

In fact, several narrow-band Lya emitter surveys at z > 6 are underway 
with the aim of probing this process. These surveys target gaps in the at- 
mospheric opacity in the infrared to search for strong emission lines, and an 
emission line in conjunction with no flux blueward of this transition (a Lyman 
break) is classified as a high-z Lyo: emitter candidate. The brightest of these 
candidates have been spectroscopically confirmed, which constitutes identifying 
a broad asymmetric line, characteristic of Lya. Such follow-up studies have 
concluded that most of the candidates are real. Th e Subaru telescope has been 



used to identify hundreds of candidates at z = 6. 5 (Kashikawa^ et al.ll2006l ). and 



several at z = 7.0 (with 1 confirmed; llye et al.l 12006). Between z = 5.7 and 



6.5 (and even between these and z = 7.0), significa nt evolution in the Lya 
emitter luminosity function is detected (ive e t all 1200 6'). This evolution could 



be due to intrinsic evolution in the properties of the sources or evolution in 
the ionization state of the IGM. It will probably be impossible to distinguish 
between these two possibilities with the luminosity function alone, but two ad- 
ditional diagnostics may provide insight into the cause of this observed trend. 
First, the luminosity function of the continuum redward of Lya would not have 
been affected by the ionization state of the IGM, whereas it would have been 
affected by intrinsic evolution. Interestingly, in the Subaru data the continuum 
luminosity function does not dec line as significantly bet ween z = 5.7 and z = 6.6 
as the Lyo: luminosity function ( Kashikawa et al.ll2006l ). 



The other possibility to distinguish between the two possibilities is through 
the clustering of Lyo; emitters. Patchy reionization modulates the observed 
distribution of e mitte rs and can increase the observed clustering significantly. 
McQuinn et~aD f|2007l ) finds in simulations that this can result in the emitters 



clustering by more than is possible if the emitters were simply biased tracers 
of the dark matter. Predictions for the effect reionization has on the clustering 
of Lyo: emitters are presented in the right panel of Figure [4] and in Figure [5l 
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Figure 4. Effect of reionization on the statistics of Lya emitters. The top- 
left panel presents predictions for the effect of reionization on the z = 6.5 
Lya emitter luminosity funct ion for different ion ization fractions in a partic- 
ular model for reionization ( McQuinn et al.ll2QQ6[ ). The 2 x 3 set of panels on 
the right illustrate the effect that reionization may have on the clustering 
of emitters. The top panels in this set show the projected ionization state 
through the mock survey volume, the middle panels show the intrinsic distri- 
bution of the emitters, and the bottom panels show what would be observed. 
The observed distribution is significantly modulated by the distribution of 
neutral gas. The bottom-left panel shows constraints from the Subaru Deep 
Field on the luminosity function of Lya emitters at three redshifts, z = 5.7 
(squares), z = 6.5 (filled circles), and z = 7.0 (triangles). The curves are for a 
simple model that tries to explain the observed evolution with just evolution 
in the halo mass funct ion (assuming a one-t o-one mapping between halo mass 
and luminosity), from lDijkstra et aU (|2QQ7[ ). The fact that this simple model 
can fit the data suggests that the observed evolution can be explained without 
invoking neutral intergalactic gas. 
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Figure 5. Predictions for the large-scale bias of LAEs at 2: = 6. The blue 
region is the large-scale bias that a population of galaxies at the given num- 
ber density could achieve if the galaxy clustering were just determined by how 
dark matter halos cluster. The points on each curve represent the "observed" 
number density and bias of the LAEs for xh = 0,0.2,0.5, and 0.7, in as- 
cending order. All of t he curves are calculated from the fiducial simulation in 
iMcQuinn et~all (j2007[ ). The red curves assume that the galaxies sit in halos 
with mass > 10^^ Mq and the green curves > 10^^'^ Mq. The solid curves 
assume that all halos host a LAE, and the dashed assume that only 10% of 
halos host one. During reionization, the clustering of LAEs can he larger than 
is possible otherwise. 




Figure 6. Simulated 21cm emission signal at the beginning, middle, and 
end of reionization, assuming Ts ^ Tcmb- Each panel is 100 cMpc on a side 
(and would subtend ~ 0.6° on the s ky) and is calculated f rom a simulation 
of hydrogen reionization presented in McQuinn et alJ (|2007f ). Interferometric 
observations in the foreseeable future will produce maps of much lower quality 
than these simulated maps, but the angular size of the observed maps will 
typically be much larger. 



If a sharp increase in clustering is observed, one can in principle perform the 
following test to convince oneself that it owes to reionization: Select the high- 
redshift galaxies with a different technique than by their Lya emission, such 
as by the presence of a Lyman break or by Ha emission. Then, measure the 
flux in Lya from the selected galaxies. During reionization, the Lya emitting 
subsample could be much more clustered than the full sample of galaxies. This 
is in contrast to lower redshifts where Lya emitters are typically the youngest, 
least clustered objects. 

A common criticism of using the Lya line to study reionization is that 
galactic physics, which determines the emergent line shape, is messy. In partic- 
ular, the Lya line is often associated with systematic offsets from the systemic 
redshift of the galaxy owing to kinematical or radiative transfer effects. How- 
ever, the damping wing suppression of the line due to a neutral IGM is fairly 
robust to these astrophysical effects because this suppression is relatively uni- 
form over 1000 km s~^ redward of the line center (equation [1]) . Astrophysical 
effects are typically o bserved to shift the line by several hundred km s~^ at z ^ 3 
( Shapley et al.l [20031 ). but these shifts could be small er at hi^h r e dshift where 
the emitting halos are substantially less massive. Mc Quinn et aP fl2007l ) found 
that shifting the Lya line of their simulated emitters by 400 km s~^ to the red 
did not have a large impact on the properties of the LAEs. 
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6. 21cm Emission 

Redshifted 21cm emission from the hyperfine line of intergalactic atomic hydro- 
gen has the potential to provide information that is unrivaled by the other probes 
of reionization. (See lFurlanetto et al.ll2006l for a recent review.) Twenty-one cm 
absorption studies against hi^h- redshift radio-bri ght objects are also possible, 
but likely more challenging (e.g.. iFurlanettol 20061 ). In principle, 21cm emission 



can be used to generate a 3-D map of the ionized regions as a function of redshift 
(frequency). The excess 21cm brightness temperature over that of the CMB is 
given by 

Sn, = 28 A, (1±^) mK, (2) 

where Tcmb is the CMB temperature, xh is the neutral fraction, A5 is the baryon 
density in units of the cosmic mean, and Ts is the spin temperature (which is 
a measure of the occupation ratio in the hyperfine excited and ground states). 
Theoretical studies find that during the bulk of reionization Ts is likely to be 
close to the gas temperature and much greater than Tcmb- In this limit, 6T21 is 
independent of Ts- It is expected that spatial fluctuations in 6T21 are dominated 
by the order unity fluctuations in xh during most of reionization (at least for 
spatial scales at which the first generation of instruments are sensitive) and 
that the volume-averaged signal primarily tracks the ionization history. Figure 
[6] shows 100 cMpc slices of the 21cm sig:nal at three times during reionization 
calculated from a simulation in iMcQuinn et all ( 20071 ) assuming Ts ^ Tcmb- 



To detect the 21cm signal from z > 6, this signal needs to be separated 
from foreground emission that is at least ^ 10^ times larger. Furthermore, the 
ratio of the average foreground intensity to that of the 21cm scales as ^ z^-^, 
making 21cm observations increasingly difficult with redshift. The dominant 
foregrounds at these frequencies (namely synchrotron and free-free emission) 
are spectrally smooth, which in principle allows the spatial fluctuations in ST21 
to be separated from these smoother contributions. 

Several instruments will attempt to integrate down to detect this signal 
from reionization in the next couple of years. These efforts can be divided 
into two categories: (1) Measurements of the angularly averaged 21cm signal 
as a function of redshift and (2) interferometric measurements of the spatially 
fluctuating component of this signal. The first type - often referred to as "Global 
step" experiment^ - can be as simple as a well-calibrated single dipole antennae. 
Fabulous gain calibration as a function of frequency is essential to detect the 
global signal, and collecting area is not as pressing of a concern. Global step 
experiments are most sensitive to fast reionization scenarios, and they rely on the 
presumption that the global feature owing to reionization (a ^ 25 mK change 
spanning the duration of this process) has more structure in frequency than 
the foregrounds. Of note, the experiment Edges is closest to being sensitive to 
the global signal, with all systematic trends in their measurement reduced to 
below 75 mK once a ^ 10th order polynomial is fit and subtracted to remove 



^This name originated from the fast step in redshift that the first models of reionization predicted 
for this global signal. More recent models predict a more extended step. 
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Figure 7. Predictions for the 21cm power spectrum at four times during 
reionization, where A^i = A:^/(27r^X^) \ST2i{k)\'^, X is the global mean of 
ST21 if xh = 1, and Ts is assumed to be much greater than Tcmb- Also 
included are projections for the constraints that the Murchison Widefield 
Array can place on this statistic for an integration time of 1000 hr (outer 
errorbars), as well as projections for a more centrally concentrated array with 
the same collecting area and for the same integration time (inner errorbars). 
The dashed vertical line is an estimate for the smallest wavevector at which the 
21cm power spectrum can be measured. The sign al from sm a ller w avevectors 
is likely erased during foreground removal. From lLidz et al.l (|2008l ). 
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trends in the instrumental response ( Bowman et al.l [20081 ). [There are rumors 
that this 75 mK number wih soon be a fa ctor of 10 smah e r.] To be sensitive to 
reahstic models of the cosmological signal, iBowman et all (|2008l ) estimates that 
systematics trends need to be below 1 mK. 

The second category of redshifted 21cm observation includes efforts using 
the Murchison Wide Field Array (MWA) , the Low Frequency Array (Lofar) , the 
21cm Array, the Precision Array to Map the Epoch of Reionization (PAPER), 
and the Giant Metrewave Radio Telescope (GMRT). Each of these interferom- 
eters have of order 10"^ m^ collecting area, and most are built using thousands 
of dipole antennae. These searches for the spatially fluctuating signal have the 
potential to provide much more detailed information about reionization than the 
Global Step measurements. Calibration in frequency is less important for these 
efforts compared to the global step experiments, but the first generation of in- 
terferometers (which have typical collecting areas of ^ 10^ m^) require > 100 hr 
integration times to be sensitive to the signal. In addition, the first generation of 
these efforts will not be sensitive enough to produce an image of the HII bubbles 
during reionization and instead must aim for a statistical detection. 

The outer set of errorbars in each panel in Figure [71 represent optimistic 
estimates for how well a 1000 hr integration with the MWA can constrain the 
21cm power spectrum at different t imes during reio nization, assuming a par- 
ticular model for this process (from iLidz et al.l 120081 ) . The different panels in 
this figure correspond to the predicted signal at different redshifts. The first- 
generation 21cm arrays will in general be less sensitive with increasing redshift 
above z ^6 because of the increasing brightness temperature of the sky (which 
sets the instrumental noise floor). These instruments aim to detect the distinc- 
tive redshift evolution in the power spectrum of this signal and to look for the 
flat power spectrum that is predicted by current models to result at the end of 
reionization. These trends can be noted in Figure [71 



7. Indirect Methods 

We have so far concentrated on methods that can directly probe the ionization 
state of the intergalactic hydrogen. For completeness, we note two intriguing 
but more indirect methods. 

First, the ionization state of the hydrogen can be inferred from the absorp- 
tion of metal ions with similar ionization potentials to hydrogen. In particular, 
01 would have been in charge-exchange equilibriu m with the hydrogen such that 
the 01 fraction equals the HI fraction ( Ohll2002l ). Metal line transitions do not 



saturate as easily as the HI Lya line because of their much lower intergalactic 
abundance. Observations of several quasar spectra have found a fair sample of 
01 lines at z > 6 (indicating n eutral hy drog!;en) with a higher abundance than 
is found at lower redshift (iBecker et al.l 12006. ). However, these lines could orig- 
inate from self-shielding regions and are not necessarily regions characteristic 
of the IGM. (It would also be surprising if regions in the IGM that had been 
enriched with metals were neutral. It is more likely that the ionization fronts 
would proceed the enrichment.) 

Second, reionization processes are the prim ary source of heating of the IGM, 
and they heat it an inhomogeneous fashion (e.g. jHui fc Haimanll2003l : pTrac et al. 
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20081 : iFurlanetto fc Obll2009l ). It is possible that the signatures of reionization 
can be detected in measure ments of the temperature of the IGM at z ^ 3 — 4 
(Sc have et alJl200dl : lLidz et al...2009 ). However, such measurements are difficult, 
and they require distinguishing the heating due to the ionization of the second 
electron of helium (which is thought to occur at lower redshift) from that due to 
the ionization of hydrogen. If one were to assume that the helium was doubly 
ionized at the same time that the hydrogen was reionized, the average reioniza- 
tion r edshift is c onstrained to be less than 10 from the temperature of the z ^ 3 
IGM (jHui fc Haiman 2003). In addition, f r om co mparing the mean transmission 
in Lya and Ly^S forests, IFurlanetto fc OhI fl2009l ) found evidence for an inverted 
relationship between the temperature of a gas parcel and its density at z = 6 
(which would indicate that hydrogen reionization ended within Az ^ 2 of this 
redshift). 



8. Conclusions 

We have reviewed the most promising methods to detect reionization. It is 
unclear which method will ultimately be the first to detect and characterize this 
process. We conclude by summarizing the pros and cons of each method: 

• Upcoming CMB large-scale polarization measurements with Planck and 
ground-based experiments should improve the constraint on the mean red- 
shift of reionization by a factor of 2 to 3, but can provide only weak con- 
straints on the duration. In addition, the kSZ anisotropics at / ^ 5000 
offer information about the duration and patchiness of reionization, and 
the South Pole Telescope may offer a tentative detection of the kSZ in 
the coming years. Even with a high precision measurement, it will be 
challenging to interpret what the kSZ signal indicates about reionization. 

• If we are fortunate, in the near future a reionization-era GRB with a 
small host-galaxy neutral column will be detected. However, a high signal- 
to-noise ratio afterglow spectrum at moderate resolution is required to 
be convinced that the GRB's Lyo; damping wing absorption owes to a 
neutral IGM. Near infrared spectra of such quality may be possible with 
fast followup on a bright afterglow or with the next generation of space 
and ground-based infrared instrumentation. In addition, a dedicated space 
telescope could increase the detection rate of z > 6 bursts by more than 
an order of magnitude. 

• Narrow band surveys in the near infrared are beginning to obtain large 
samples of Lja emitters at z > 6, and there are some interesting trends in 
this data. Evolution in the number counts of these objects alone cannot 
provide a definitive identification of reionization, but such an identification 
could be realized in combination with measurements of the Lyo; emitter 
continuum luminosity function or with clustering measurements. 

• Redshifted 21cm radiation has the potential to provide the most detailed 
picture of this process, but a measurement of this signal is challenging. 
Global step experiments are close to being able to detect a step if reion- 
ization were nearly instantaneous, but it is unclear whether this approach 
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can become sensitive to reionization durations that are more theoretically 
motivated. Soon several large interferometers will begin searching (and 
two have already started) for the fluctuating part of the 21cm signal. The 
first generation of interferometers will at best offer a statistically detec- 
tion of these fluctuations. However, the second generation of these arrays 
has the potential to provide detailed maps of the Universe as it became 
reionized. 
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